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The geology of Ethiopia is dominated by the Ethiopian Plateau that is similar in
elevation to, but aerially larger than, the Colorado Plateau. Several rivers have incised
through the plateau, creating gorges that reach up to 1.5 km in depth. The plateau uplifted
to its current elevation and was subsequently incised sometime after the Oligocene flood
basalt event that signaled the arrival of the African Superplume below Kenya and
Ethiopia. Due to its size and extent, published climate modeling has indicated that Late
Cenozoic plateau formation could have been a driving force in the East African Cenozoic
climate changes. Although uplift timing has potentially far-reaching impacts to several
scientific disciplines, uplift is not well constrained, and several published studies present
contradictory data. This study aims to elucidate the uplift timing of the Ethiopian Plateau
through the use of river incision timing as a proxy for uplift. Methods employed to
accomplish incision timing include low temperature apatite fission track and (U-Th)/He
thermochronology, thermal modeling, and scanning electron microscopy backscatter
electron detection (SEM-BSE). Basement samples for thermochronologic dating were
collected from the Didessa River Canyon near Nekemte. (U-Th)/He dating was
conducted at the Arizona State University Group 18 Laboratory where 17 apatite grains
were dated, while GeoSeps Services LLC performed the apatite fission track analysis.
Results indicate that after crystallization between 797-630 Ma during the East African
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Orogen, the rocks experienced rapid exhumation to within 1400-3000 m of the surface in
the Jurassic. The Cenozoic flood basalt event at 31-29 Ma caused a massive outpouring
of basalts that forced the lowest sample into the partial retention zone where it remained
for an extended period of time while accumulating radiation damage. Rapid cooling from
8 Ma to present represents a recent exhumation history of the Ethiopian Plateau,
suggesting that the plateau’s high elevation gain was achieved within the last 10 Ma. This
integrated apatite (U-Th)/He and fission track study is the first of its kind addressing East
African Cenozoic tectonics.
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1. INTRODUCTION

The Ethiopian Plateau is of significant geological interest due to its recent history
of active tectonics and complex geomorphology. A rising mantle plume below the
African Plate has driven topographic changes and active tectonics throughout the
Cenozoic (Ebinger and Sleep, 1998; George and Rogers, 2002; Ring, 2014). Beginning
sometime during or after the Oligocene, the Ethiopian Plateau began experiencing plumerelated uplift that resulted in an average of 2 km high plateau (Yemane et al., 1985;
Abbate et al., 2015). In response to uplift, rivers on the plateau have incised through the
landscape, creating several large river valleys, the deepest of which reaches 1.5 km depth
(Fig. 1) (Pik et al., 2003; Gani et al., 2007).
Due to the plateau’s size and extent, climate modeling has shown that a Cenozoic
uplift of the plateau could have had a first-order impact on the East African Cenozoic
climate changes (Pickford, 1990; Sepulchre et al., 2006; Spiegel et al., 2007). These
climate changes resulted in a regional East African aridification (Pickford, 1990; White et
al., 1994; Cerling et al., 1997; Cane and Molnar, 2001; Bobe and Behrensmeyer, 2004;
Sepulchre et al., 2006). In this way, plateau uplift may have acted as a contributing factor
to climate change, similar to the rain shadow cast by the Tibetan and Altiplano plateaus.
Despite the opportunity and importance of geologic research in Ethiopia, plateau incision
and uplift are still not well constrained.
While uplift cannot be directly measured from incision, increased incision rates
are commonly associated with topographic uplift (Brown and Gleadow, 2000; Clark et
al., 2005; Schildgen et al., 2007; Flowers et al., 2008; Rohrmann et al., 2012); therefore,
the first step in understanding the Ethiopian Plateau’s geomorphic and tectonic history is
1

to constrain river incision timing. Paleoflora data, apatite (U-Th)/He, and river
geomorphology have been used previously to examine incision and uplift timing of the
Ethiopian plateau with varied, and sometimes contradictory, results (Yemane et al., 1985;
Pik et al., 2003, 2008; Gani et al., 2007; Ismail, 2011; Gani, 2015; Gani and Neupane,
2017). Uplift timing arguments fall into one of two major groups: old, Oligocene-aged
uplift with insignificant tectonic activity since 20 Ma, or a more long-term uplift history,
with a young uplift stage in the last 15 Ma. Pik et al. (2003, 2008) have championed the
idea of an old uplift through the use of apatite and titanite (U-Th)/He on a border fault
and selected basement rocks. Despite the potential insight from such thermochronologic
studies, ambiguity remains as both studies focused on aliquot rather than single grain
analyses, and the 2008 study lacks sufficient thermochronologic modeling. In contrast to
conclusions presented in Pik et al. (2003, 2008), Gani et al. (2007) examined
geochronologic dates, GIS and DEM-based incision maps, and upstream propagating
knickpoints, finding an episodic uplift history of the Ethiopian Plateau. This study (Gani
et al., 2007) argues for a three-phase incision and subsequent uplift history, the last stage
of which is the most rapid and occurred within the past 6 Ma. Additionally, paleoflora
data indicates that the Ethiopian Plateau was within a lowland rain forest environment at
8 Ma, suggesting a significant amount of uplift after 8 Ma (Yemane et al., 1985;
Adamson and Williams, 1988). Due to the contrasting evidence and great significance
attached to the Ethiopian Plateau’s incision and uplift timing, more focused studies are of
great importance. A firmer understanding of plateau incision will shed light on the
relationship between river incision and uplift in the region, having potentially farreaching impacts throughout the scientific community.

2

Figure 1: The Ethiopian Plateau. Highlights include the high elevation is shown along the rift
flanks (solid white lines) and the plateau, the Main Ethiopian Rift, incised valleys, and the Afar
Depression. Source: created by the author.
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This research aims to use low-temperature apatite (U-Th)/He and fission track
thermochronologic dating of Neoproterozoic basement rocks

from Ethiopia’s

Northwestern Plateau to constrain the most recent river incision timing. The
Northwestern Plateau is the chosen study area due to its high topography and deep river
gorges, creating ideal conditions for vertical sampling along the canyon wall.
Thermochronologic cooling ages are thermally modeled with respect to geologic
constraints, providing a thermal history of the Ethiopian Plateau. The thermal models
produced by this study are related to plateau incision and grant insight to when the most
recent plateau uplift occurred. Constraining recent incision and related tectonic uplift has
important implications in determining the geologic controls on East African climate
changes.
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2. GEOLOGIC SETTING
2.1 Regional Geology
The oldest geologic fabric in Ethiopia consists of Neoproterozoic crystalline
basement rocks. This basement formed during the East African Orogen (EAO) as West
and East Gondwana collided between 880-550 Ma (Fig. 2), creating a series of suture
zones, metamorphism, igneous provinces, and accreted terrains from Antarctica to Israel
(Stern, 1994; Abdelsalam and Stern, 1996; Teklay et al., 1998).

Figure 2: East African Orogen reconstruction. Ethiopia is situated at the junction of the Arabian
Nubian Shield and the main East African Orogen during the relative collisional movement of East
and West Gondwana. Ethiopia is outlined in black, with interior lines showing Mesozoic rift
locations. Source: modified by the author from Meert and Lieberman (2007) and Goodenough et
al. (2010).

Post-EAO basement in East Africa consists of two main groups: the Arabian Nubian
Shield (ANS) found north of Ethiopia, and the Mozambique Belt (MB) found south of
Ethiopia. In general, the ANS is dominated by low-grade metavolcanic, metasedimentary,
and meta-igneous rocks, while the MB is distinguished by high-grade gneissic and
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intrusive rocks (Stern, 1994; Abdelsalam and Stern, 1996; Teklay, et al., 1998; Ayalew
and Johnson, 2002; Tsige, 2006; Avigad, et al., 2007). Ethiopian basement exhibits
characteristics of both the ANS and MB, indicating that Ethiopia rocks represents the
ANS and MB junction (Fig. 3) (Kebede, 1999; Johnson, et al., 2004; Abdelsalam, et al.,
2008; Stern, et al., 2012; Blades, et al., 2015, 2017).
Ethiopian basement is exposed in a series of shields, which are characterized by
accreted terranes and intrusions (Teklay et al., 1998; Ayalew and Johnson, 2002; Tsige
and Abdelsalam, 2005; Stern et al., 2012; Blades et al., 2015, 2017). The study area is
located along a pluton at the southeast side of one such shield called the Western
Ethiopian Shield (WES) (Fig. 3). Recent studies from zircon U-Pb geochronological
dating and geochemical analysis indicate that the pluton’s crystallization ages range from
790-630 Ma and formed during the East African Orogen (Bowden et al., 2018).
After crystallization, Mesozoic NE-SW directed extension initiated the Gondwana
breakup, forming a series of NW-trending rift basins throughout East Africa (Binks and
Fairhead, 1992; Abbate et al., 2015). Basin fill material likely originated from uplifted
rift flanks that infilled Ethiopia’s Mesozoic basins during a marine transgression from the
Triassic through the Kimmeridgian (Gani et al., 2009; Abbate et al., 2015). A regression
followed from the Early Cretaceous through the Albian, after which no deposition
occurred in western Ethiopia until the Quaternary (Gani et al., 2009).
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Figure 3: The Western Ethiopian Shield (WES) and Southern Ethiopian Sheild (SES). Ethiopian
basement rocks are exposed in a number of shields, shown here as the (WES) and (SES). These
shields are composed of both high- and low-grade metamorphic and igneous rock, indicating that
these shields form the junction of the Arabian Nubian Shield and the Mozambique Belt. Source:
modified by the author from Stern (1994), Abdelsalam and Stern (1996) Worku (1996), Stern
(2002), and Tsige and Abdelsalam (2005).

2.2 Cenozoic Tectonics
Ethiopian Cenozoic active tectonics are dominated by rifting and volcanism
associated with the African Superswell. Directly overlaying the Mesozoic sedimentary
rock (and in some cases the basement rocks) is a 500-2000 m thick succession of 30 Ma
old flood basalts emplaced during the Cenozoic Flood Basalt (CFB) event (Fig. 4)
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Hofmann et al., 1997). The CFB occurred in just two million years from 31-29 Ma and
signaled the arrival of the African Superswell plume below Ethiopia and Kenya (Mohr,
1983; Berhe et al., 1987; Ebinger et al., 1993; Hofmann et al., 1997; Ebinger and Sleep,
1998). Additional, younger volcanism dating from the Miocene to Pliocene is found
throughout Ethiopia as a series of restricted shield volcanoes such as the Semien
Mountains. Evidence of active tectonics exists in present day in the form of volcanism in
the northern Afar region (Wolfenden et al., 2004; Abbate et al., 2015).

Figure 4: Generalized geologic map of the northwestern Ethiopian Plateau. Source: modified by
the author from Kazmin (1972) and references therein.

Also associated with the African Superswell is the formation of the NE-trending
Main Ethiopian Rift (MER) (Figs. 1, 5) (Wolfenden et al., 2004). MER-related rifting
8

began as early as 21 Ma, with the main opening event dating to the last 5 Ma
(Woldegabriel et al., 1990; Ebinger et al., 1993; Bonini et al., 2005). Since 5 Ma, rifting
has accounted for 70 km of spreading at a rate of 1-2 cm/year within the MER (Adamson
and Williams, 1988).

Figure 5: Hill shade image of the East African Rift. The rift extends from southern Africa to the
Afar Depression. Rift outlined in blue, previous thermochronology study areas displayed as green
circles. Source: modified by the author from Chorowicz (2005).

2.3 Thermochronology, Incision, and Uplift
Quantifying past uplift or uplift timing can be difficult to directly measure, but
proxies can approximate uplift magnitude and timing. The determining factor in whether
9

a stream will incise bedrock is the relationship between the stream’s elevation and its
base level. A stream in an uplifted region will preferentially carve into the bedrock until
reaching the base level, at which point erosion will slow or cease. This relationship
indicates that stream erosion could be a proxy for uplift (Humphrey and Konrad, 2000;
Wakabayashi and Sawyer, 2001), and several groups (Brown and Gleadow, 2000; Clark
et al., 2005; Schildgen et al., 2007; Flowers et al., 2008; Rohrmann, 2012) have
pioneered the use of low-temperature thermochronology to date incision and associated
uplift timing. Thus, examining when a stream incised different parts of a canyon
approximately constrains the region’s uplift timing (Brown and Gleadow, 2000; Clark et
al., 2005; Schildgen et al., 2007; Flowers et al., 2008; Rohrmann, 2012).

10

3. METHODS
3.1 Sample Collection and Processing
The sampling location was selected based on river incision depth, bedrock
accessibility, and proximity to volcanic rock. The sample location is a small granitic
intrusion that forms part of the WES (Fig. 3). The intrusion is near the Dabana locality,
and was chosen along a steep canyon of the Didessa River valley in an effort to achieve
maximum incision for a longer thermal history record in the rock samples (Fig. 6). Three
samples were collected every 200 m in a 430 m vertical section from the river’s base to
the canyon’s top.

Figure 6: Study Area. Sampling site (circled in red) is shown along an area of high incision in the
Northwestern Ethiopian Plateau. Source: created by the author using SRTM DEM.
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3.2 (U-Th)/He Thermochronologic Dating
The samples were separated at the Western Kentucky University’s Landscape
Geodynamics (LeGo) lab before thermochronologic dating. Rock preparation included
standard procedures of crushing, washing, and sieving to 355 μm diameter grain size.
Mineral separation was accomplished with a Franz isodynamic magnetic separator,
lithium metatungstate heavy liquid, and methylene iodide heavy liquid. Between 15-20
apatite grains were picked following the criteria of being at least 50 μm in diameter,
having few inclusions, and having euhedral shape. These picked grains were then used to
obtain (U-Th)/He and fission track dates.
Apatite (U-Th)/He dating was conducted at the Arizona State University’s Group
18 Laboratory in Tempe, Arizona. Picked apatite grains were loaded into platinum tubes
before irradiation with an infrared laser. Helium concentration was determined through
laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS). Platinum
capsules were then dissolved in acid, and uranium, thorium, and samarium concentrations
were determined through mass spectroscopy (Table 1).
3.4 Apatite Fission Track Dating
Apatite Fission Track thermochronologic dating was performed at the GeoSeps
Services LLC facility in Moscow, Idaho. Apatites were mounted in an epoxy wafer,
polished, and etched in 5.5 N HNO3 for 20.0 s at 21°C. The mounts were then irradiated
with a 252Cf fission fragment to enhance data quality.
Grain ages were determined through the use of an LA-ICP-MS, the Dpar
parameter, and counting of spontaneous and induced fission tracks. Lengths were
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measured based on Dpar, confined track lengths, and inclination angles. Elemental
concentrations were collected for each apatite grain and used for accurate data analysis.
3.5 Thermal Modeling
To investigate a sample’s thermal history, cooling ages must be modeled with
respect to geologic constraints and crystal characteristics, which will greatly affect the
interpreted cooling history of each grain (Ketcham, 2005). Inverse modeling iterates
comparisons of calculated models with the measured cooling age to find a best-fit profile
for all the cooling age data. This process produces several non-unique solutions, ranging
from good, acceptable, and rejected fits, as determined by their probability; therefore,
geologic constraints are important factors in thermal modeling to limit the number of
non-unique solutions obtained from modeling. Geologic constraints alter the model’s
results based on the expected thermal effects of certain events on the crystal (Ketcham,
2005; Peyton and Carrapa, 2013; Vermeesch and Tian, 2014).
The Phanerozoic tectonic history of the Dabana granites can be described by four
major events spanning from 550-0 Ma. After crystallization between 797-630 Ma, E-117, E-4-17, and E-6-17 experienced an amphibolite facies metamorphic event during latestage orogenic crustal thickening related to the East African Orogen (Bowden et al.,
2018). This event reached temperatures around 600 °C and is the hottest postcrystallization event recorded in these rocks (Ayalew and Johnson, 2002; Johnson et al.,
2004). Ductile structures in the rocks such as shear bands and transpressional folds
suggest that the rocks were deformed at depth, with a presumed granite/gneiss arc
basement overburden.
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Following the metamorphic event is a period of geologic quiescence as exhibited
by a lack of sedimentary rocks until the Silurian (Gani et al., 2009; Abbate et al., 2015). It
is likely that the Cambrian and Ordovician defined a period of post orogenic collapse that
supplied the necessary accommodation space for the sparse Palaeozoic sediments in the
Ethiopian Plateau. However, none of these sediments (Enticho sandstone and Edaga Arbi
Glacials) are exposed near the Dabana granites, indicating that the granites were still
deeply buried in the Palaeozoic (Purcell, 1979).
The Mesozoic time within the plateau was characterized by rifting and the
formation of sedimentary basins, primarily trending NW (Purcell, 1979; Binks and
Fairhead, 1992). In the nearest basin, the Blue Nile Basin (BNB), deposition began with
the continental Adigrat sandstone in the Triassic (Purcell, 1979; Gani et al., 2009;
Sembroni et al., 2017). A general transgression is observed in the BNB with the
maximum flooding occurring during the Late Jurassic before the deposition of the Muger
Mudstone (Gani et al., 2009). A regression followed during the Cretaceous with the
deposition of the continental Amba Aradam sandstone in the Aptian and Albian (125-100
Ma) (Purcell, 1979; Hautot et al., 2006; Gani et al., 2009; St. John, 2016). The remaining
Mesozoic and Cenozoic history of the BNB is void of sedimentary rock, suggesting that
the BNB has not experienced additional subsidence since the Albian. Due to the close
proximity with the BNB (~100 km), there is a possibility that the Dabana granites share a
similar Mesozoic history. However, the closest Mesozoic sedimentary rocks in the
Dabana area are 42 km southeast and only occur in small, thin (<0.5 km) outcrops. This
is in great contrast to the kilometer-thick sedimentary rock observed in the BNB,
suggesting that the Dabana granites experienced a much different Mesozoic history. The
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Dabana granites were therefore likely part of a structural high in the Mesozoic (barring
the few localities to the east where deposition was possible), occupying the west flank of
the Blue Nile Rift and supplying the siliciclastic material that infilled the BNB.
As an actively-eroding structural high, the Dabana granites would have been close
to the surface, yet still buried beneath basement overburden. The highest basement in the
area reaches 2500 m elevation, indicating that the Dabana granites could have been
buried beneath well more than 1,500 m of additional basement during the Mesozoic. It is
also possible that during the Mesozoic some sedimentation occurred around the Dabana
granites that was subsequently removed by Cenozoic erosion, and this contribution has
been estimated at around 200-500 m based on the average thickness of Mesozoic
sedimentary rocks around the Dabana area. Based on surrounding elevations and
estimates for Mesozoic deposition and Cenozoic erosion, a Mesozoic overburden range
of 1,000-2,500 m is calculated for the lowest Dabana granite. Assuming an average
geothermal gradient of 25 °C/km depth and a surface temperature of 20 °C, the lowest
Dabana granite would have resided in a range of 45° – 82.5 °C during and/or before the
Albian and Aptian (Fig. 7).
The next major tectonic episode affecting the Dabana granites was flood basalt
volcanism between 31-29 Ma. Unlike the BNB were the basalt rocks provide near
universal cover, the Dabana area shows patches of basalt with thicknesses no greater than
500 m. In the 70 million years between the Albian and the Oligocene, it is likely that
some of the Mesozoic and basement rocks eroded, and the lowest Dabana granite would
be beneath between an estimated 1,000-2,775 m of rock. Geothermal conditions would
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necessarily have become elevated from plume activity, and a heighted gradient of 35
°C/km places the lowest granite between 55-117 °C (Fig. 7).

Figure 7: Thermal constraints. All thermal events affecting the Dabana granites are displayed
from 797 Ma – present day. Constraints were determined from field data, published literature, and
SRTM DEM. Source: created by the author.

Considering the fast interval during which the flood basalts were formed, burial
would have been quick to accommodate the new weight of the dense flood basalts. If
post-Albian erosion is taken into account, then just before flood volcanism the lowest
Dabana granite would have resided around 500-2000 m below the surface. An average
geothermal gradient would put this granite at between 37.5-82 °C.
For much of the rest of the WES, the period between the Oligocene to present day
has been characterized by uplift and river erosion. However, just 10 km southeast of the
Dabana granites is a small outcropping of Miocene-Pliocene-aged volcanic rock. Larger
Miocene-Pliocene flows exist farther east towards the Afar, and it is possible that some
younger volcanism could have also affected the Dabana area, although it seems unlikely
for several reasons. The younger volcanic rocks are limited to small, isolated
outcroppings west of the Afar, so the presence of young volcanic rock 10 km southeast
from the Dabana granites is by no means a guarantee that there was once young
volcanism overtop the Dabana granites. There is also no Miocene-Pliocene volcanism
preserved west of the rocks found 10 km southeast of the Dabana granites. Considering
16

the limited spatial coverage and how well preserved the young volcanics tend to be, it is
unlikely that the Dabana area was affected by Miocene-Pliocene volcanism.

17

4. RESULTS
4.1 (U-Th)/He Dating
E-1-17 apatites were the youngest and largest of all the samples. Five apatites
from E-1-17 ranging from radius 67.9 to 89.4 μm were dated, yielding corrected AHe
ages from 31.12 ± 0.59 to 75.35 ± 0.99 Ma. Effective uranium (eU) ranges from 5-31
ppm. Six apatites from sample E-4-17 ranged in radius from 38.4 to 63.8 μm, eU from 824 ppm, and corrected AHe age from 77.82 ± 1.0 to 99.58 ± 2.0 Ma. E-6-17 had similar
results to E-4-17, with six apatites having radii from 37.5-69.6 μm, corrected AHe age
from 79.6 ± 2.2 to 100.87 ± 1.5 Ma, and eU from 12-66 ppm (Table 1).

Table 1: AHe laboratory analysis results.
From three rock samples, 17 grains were dated using single grain apatite (UTh)/He and fission track dating methods. The AHe age vs depth plot shows a positive
correlation between depth below surface and the measured age of the samples, although
the correlation is stronger between samples E-1-17 and E-4-17 than between E-4-17 and
E-6-17 (Fig. 8A). E-1-17 shows a positive correlation between eU and age. However, E18

4-17 and E-6-17 cluster and show no correlation (Fig. 8B). Crystal dimension seems to
have no correlation to either age or eU (Figs. 8C and D). Overall, samples E-4-17 and E6-17 appear to have more similar trends with each other than with sample E-1-17.

Figure 8: AHe laboratory data. Included are corrected ages, spherical radius, and effective
uranium (eU) for all samples. Error bars represent 2σ. Source: created by the author.

Thin section analysis indicates that the apatite crystals are distributed throughout
each rock to sufficiently limit the effect of helium injection from neighboring radioactive
minerals (Fig. 9). Since zircons and apatites are not directly adjacent to each other, the
effect of “bad neighbor” can be ignored. Uranium zonation was also investigated due to
its potential effect upon grain dating. Apatite mounts containing polished grains were
analyzed in an SEM-EDS and no apparent chemical zonation was observed.
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Figure 9: Neighboring radioactive grains in thin section. (A) and (B) Representative
apatites (Ap) in E-1-17, (C) E-4-17, and (D) E-6-17, showing no nearby apatites or
zircons. Plg-Plagioclase feldspar; Ap-apatite. Source: created by the author.
4.2 Apatite Fission Track Dating
E-1-17 produced a large range of fission track ages that range from 179.48-58.47
Ma and have a pooled age of 74.9 Ma (Fig. 10). All fission track ages are younger than
their U-Pb crystallization ages. Dpar ranges from 1.95-2.91 μm, with a mean value of 2.45
μm. Track length analysis revealed a mean length of 13.27 μm (± 0.12 μm) from 157
tracks (Fig. 10). Length ranges from 9.1-17.28 μm, and Dpar ranges from 2.03-2.75 μm
with a mean of 2.44 μm. E-1-17 has a slight negative skewness of -0.61.
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Figure 10: Track lengths and ICP-MS ages from fission track analysis. (A) AFT track length
distribution for E-1-17, showing a mean length of 13.27 ± 0.12 μm. (B) Kernel density estimation
plot of the LA-ICP-MS ages from AFT analysis of E-1-17 (n=40). Source: created by the author.

4.3 Thermal modeling results
Modeling of E-1-17 AHe data reveals rapid cooling in the Mesozoic to around 4555°C, followed by a period of thermal stability until the Oligocene (Fig. 11A, B).
Following the Oligocene flood basalt event 29-31 Ma, E-1-17 was heated to 55-75°C and
experienced a series of fast cooling periods followed by thermal plateaus. The most
substantial thermal event is displayed by rapid cooling from 8 Ma to present day, when
E-1-17 cooled from 40-20°C.
Thermal models of E-4-17 and E-6-17 AHe data show similar trends, with
cooling through the Mesozoic, followed by slight heating around 30 Ma (Fig. 11C, 11D).
The modeled Cenozoic thermal path for E-4-17 begins by reheating to 45-60°C, followed
by very gradual cooling until ~4 Ma when rapid cooling proceeds until present day.
While similar, E-6-17 has an overall more gradual cooling profile and stays around 40 °C
for most of the Cenozoic, but begins faster cooling after 20 Ma followed by accelerated
cooling after 4 Ma.
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AFT modeling of E-1-17 reveals a similar thermal history as the AHe data (Fig.
11E). Cooling during the Mesozoic reaches temperatures around 40-55°C, which is
followed by reheating to 65-70°C in the Oligocene. The modeled Cenozoic path shows a
gradual cooling to 40°C at 12 Ma, then rapid cooling until the present.

Figure 11: Inverse AHe and AFT thermal models. A and B) sample E-1-17, C) sample E-4-17, D)
sample E-6-17, and E) inverse AFT model of sample E-1-17, showing the possible thermal
histories that satisfy the measured data. Acceptable paths are shown in green, good paths are
shown in purple, and the best fit path is represented by the thick black line. Black squares are the
user-defined constraints based on regional geology through which the models are forced to pass.
Source: created by the author.
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5. DISCUSSION
5.1 Comparison and Interpretation of Results
AHe Data
While not extreme, the data show a range of cooling ages among grains that
should have undergone the same thermal history since they were imbedded within the
same crystalline rock (see Table 1). Other measured data (such as eU) also exhibits a
range among grains from the same sample, suggesting a more complex thermal history
than simple isotropic heating and cooling (Fig. 8B). These data discrepancies can be
examined and interpreted through a variety of graphical and analytical techniques.
A primary goal in analyzing AHe data is determining if a sample of grains have
undergone some alteration that would influence dated cooling ages and subsequent age
interpretation. Usually, alterations are represented by unequal He diffusivity. Three
processes (in addition to temperature) can alter He diffusivity in a crystal: grain size,
radiation damage, and uranium zonation (Flowers and Kelly, 2011). A large grain size
can cause as much as 10°C variation in closure temperature due to the tendency for larger
grains to prevent He diffusion, which is portrayed by a positive correlation between age
and grain size (Farley, 2000; Reiners and Farley, 2001). If a grain has undergone slow
cooling or partial resetting, it often accumulates radiation damage that causes closure to
vary by 10s of degrees dependent on eU concentration (Shuster et al., 2006; Shuster and
Farley, 2009). High eU grains would produce older ages than low eU ones, forming a
positive correlation between eU and age (Flowers et al., 2007; Flowers, 2009). Finally, if
eU is selectively zoned within a crystal, the He distribution will be affected and must be
corrected (Farley, 2000; Meesters and Dunai, 2002; Farley et al., 2011). The first two
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factors can be determined graphically, but eU zonation is more difficult to observe. This
study attempted to qualify eU zonation through SEM-BSE, but no zonation was
observed. This could indicate either that the samples are simply not zoned, or that the
BSE detector was not sufficient in detecting eU zonation.
Several other factors can contribute to age variation among AHe grains that have
theoretically undergone the same thermal history. If an apatite is positioned next to
another radiogenic crystal within the rock, it is possible that He ejection from one crystal
causes He injection into the neighboring crystal (Fitzgerald et al., 2006; Vermeesch et al.,
2007; Spiegel et al., 2009). This is quantified through petrographic methods and does not
seem to have an effect upon this study’s samples. Furthermore, micro-inclusions that are
not visible when selecting grains for dating can cause significant age discrepancies.
Micro-inclusions often produce questionably high values for secondary blank runs in
mass spectroscopy, and all questionable grains were removed from this study’s data.
The positive correlation between age and depth below surface of all the samples
supports the notion that these samples cooled sequentially and were not appreciably
affected by faulting (Fig. 8A). However, the close cooling ages between samples E-4-17
and E-6-17 compared to E-1-17 indicate that E-4-17 and E-6-17 may have a very similar
cooling history. The positive correlation between age and eU in sample E-1-17 (Fig. 9B)
suggests that this sample underwent radiation damage. In comparison, samples E4 and E6
show no such correlation between age and eU, or between eU and radius or radius and
age. Although E-1-17 also does not show a correlation between eU and radius or radius
and age, the correlation between age and eU indicates that this sample was either partially
reset or underwent slow cooling and sat within the PRZ for an extended period of time.
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The lack of correlations in samples E-4-17 and E-6-17 would suggest a rapid cooling
history different from that of E-1-17.
E-4-17 and E-6-17 have very similar corrected cooling age ranges from 77.82 99.58 Ma and 79.60 – 100.87 Ma, respectively. Without evidence for unequal He
diffusivity, He injection, or eU zonation, it is assumed that these dates are accurate
cooling age measurements for these samples. A cooling age between 77-100 Ma places
cooling during the Late Cretaceous, and the lack of radiation damage suggests that these
samples were not reheated during the Oligocene flood basalt event. Assuming an elevated
geothermal gradient of 35°C/km depth, samples E-4-17 and E-6-17 would have been held
within 1000 m of the surface during the Oligocene flood basalt event, limiting the
overburden thickness for E-4-17 to less than 1000 m.
E-1-17 shows a significant corrected cooling age spread from 31.12-75.35 Ma
that are explained by the effects of radiation damage incurred from slow cooling and
extended time within the PRZ. The older cooling ages roughly agree with the cooling
ages of samples E-4-17 and E-6-17, indicating a similar Mesozoic thermal history. Unlike
E-4-17 and E-6-17, E-1-17 (being the deepest sample) seems to have entered the PRZ in
the Oligocene, likely due to flood basalt-related burial. E-1-17 remained in the PRZ for
an extended period of time during which radiation damage was accumulated that
prevented He diffusion in those grains with high eU. Assuming an elevated geothermal
gradient, E-1-17 would have had to be buried to a depth between 1000-1575 m in order to
reach the 55-80°C PRZ range for apatites (Reiners et al., 2005). Due to the observed
radiation damage, it is unlikely that E-1-17 was buried deeper than 1700 m since it did
not experience complete resetting in the Oligocene.
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Apatite Fission Track Data:
The factors controlling He diffusivity on fission track analysis are slightly
different than those affecting AHe analysis. With fission track data, age spread can be
explained by crystallographic anisotropy, compositional variability, and radiation damage
(Donelick et al., 2005). Additionally, comparison of fission track with AHe data often
sheds light on data dispersion. For instance, radiation damage resulting from slow cooling
often produces AHe dates that are older than AFT dates on the same sample (Flowers and
Kelley, 2011). AFT ages from E-1-17 range from 179-58 Ma, which includes eight dated
ages that are younger than the AHe date from grain a005 (Fig. 10) (63.22 Ma; sample E1-17). This relationship suggests that E-1-17 either underwent partial resetting and/or sat
within the PRZ for an extended period of time, agreeing with interpretations based on eU
and AHe age.
Further insight into whether E-1-17 experienced simple partial resetting or an
extended residence in the PRZ is elucidated from fission track lengths. Older fission track
lengths, being exposed to more annealing than younger ones, tend to be overall shorter;
therefore, a sample that underwent very slow cooling, followed by rapid cooling to
present day is characterized by short tracks (Donelick et al., 2005). This is in contrast to a
sample that underwent rapid cooling, followed by an extended period of slow cooling
which is dominated by long tracks. Apatites from E-1-17 have a mean track length of
13.27 μm which is considered representative of moderate track lengths (Fig. 10)
(Donelick et al., 2005). These data indicate that radiation damage accumulated by E-1-17
is due to extended residence time in the PRZ, which would mimic slow cooling followed
by rapid cooling to present day.
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Fission track ages are important for providing further constraints on the sample’s
thermal history. With a wide PRZ range from 120-65 °C and cooling ages from 179-58
Ma, E-1-17 can be constrained to have entered the PRZ in the Jurassic and left it at the
end of the Cretaceous (Reiners et al., 2005). These interpretations agree with the
constraints made from AHe data on Mesozoic cooling.
5.2 Thermal Modeling
While measured data has the ability to provide quantitative thermal and temporal
constraints during specific geologic events, its use is limited to periods of heating and
cooling that interact with the PRZ. These data record a thermal history that spans over
170 million years, but only a few discrete points in that history are measurable. To
investigate the possible complete thermal history of these rocks, this study utilized
thermal modeling. Models made using geologic constraints defined by a combination of
published literature, field observations, and the AHe data fill the gaps left by
thermochronology laboratory measurements.
HeFTy was initially chosen as the preferred modeling software due to its
frequentist approach that assists in producing a quality-controlled and reasonable thermal
model (Vermeesch and Tian, 2014). HeFTy outputs “acceptable,” “good,” and a “best
fit” thermal history path that are based on the goodness of fit between the input data and
the produced inverse model (Fig. 11). All of the “good” thermal histories are possible,
and all were considered and judged against the observed trends in the measured data. All
models show expected rapid cooling during the Mesozoic, leaving the PRZ during the
Late Cretaceous (Figs. 11A-E). The paths show good continuity until after the Oligocene,
at which point they diverge considerably. This divergence is due to a lack of measured
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data younger than the Oligocene, rendering many thermal histories that fit the measured
data. In this instance, the interpretation of the measured data becomes paramount.
After Mesozoic cooling, E-1-17 is reheated to ~60°C at 31 Ma, followed by slow
cooling until the last 8 Ma when cooling becomes very rapid. E-4-17 has a similarlyshaped model, with rapid heating at 31 Ma to ~50°C (outside of the PRZ), followed by an
extended period of slow cooling after 20 Ma when the cooling started to increase
gradually followed by fast but less steep cooling from 4 – 0 Ma (Fig. 11B). E-6-17 also
shows a general quiescence following Oligocene burial to 4 Ma, after which it begins to
experience quickened cooling until present day (Fig. 11C).
Considering the radiation damage experienced by E-1-17 and the sample’s short
track lengths, we assume that this sample sat within the PRZ for an extended period of
time before experiencing rapid, recent cooling as exemplified by the model’s best fit
thermal history. Likewise, models for E-4-17 and E-6-17, while not reheated into the
PRZ, show a quiescence after initial Oligocene burial, followed by faster cooling within
the last 10 Ma. Due to the agreement among our models, the reasonableness of the model
results given the measured data, and the good statistical fit, we consider these models to
be accurate representations of our data’s thermal history.
5.3 Geologic Implications
Important to our understanding of the sample’s thermal histories is the
mechanisms by which they were cooled and heated, granting insight to their geologic
past. Paleozoic and Proterozoic crystallization and metamorphism during the Gondwana
collision provided heat to the rocks in excess of 500°C, representing a complete thermal
resetting (Ayalew and Johnson, 2002). Due to well-studied and expansive sedimentation
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and erosion across all of East Africa, Arabia, Madagascar, and Antarctica during the
Mesozoic, we assume that Mesozoic cooling is attributable to tectonic exhumation
associated with Gondwana rifting (Fig. 12) (Binks and Fairhead, 1992; Bosworth, 1992;
Abbate et al., 2015; St. John, 2016). The study area is southwest of one of the largest
Mesozoic basins in Ethiopia, the Blue Nile Basin. Considering the lack of Mesozoic
sediments near the study area and the Cretaceous cooling ages, it is likely that the study
area was likely part of the Blue Nile Basin’s southwestern flank. The youngest preserved
Mesozoic sedimentation in Western Ethiopia dates to the Albian and Aptian, 125-100
Ma, indicating that the cooling dates obtained from this study that range between 180-77
Ma represent the final stages of uplift and sedimentation associated with the Blue Nile
Basin (Purcell, 1979; Hautot et al., 2006; Gani et al., 2009; St. John, 2016).
Cessation of sedimentation in Western Ethiopia after the Cretaceous suggests a
period of tectonic quiescence characterized by slow cooling, which is further supported
by a lack of thermal activity recorded in our samples. Reheating of E-1-17 in the
Oligocene is attributable to flood basalts, which, although no longer found overlying the
study samples, are recorded throughout the rest of the Western Ethiopian Plateau. Due to
their ubiquitous extent across the whole plateau and Oligocene reheating of E-1-17, we
believe that flood basalts covered the study area during the Oligocene (Fig. 12). The
necessary depth for E-1-17 to enter, yet for E-4-17 and E-6-17 to remain outside of, the
PRZ necessitates that the overburden above E-6-17 during the Oligocene would be
around 650-800 m (assuming a geothermal gradient of 35°C/km depth).
Although uplift is just one mechanism by which incision can occur, we believe
this to be the driving factor in the Ethiopian Plateau incision. Other controls expounded
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upon in literature include climate change-induced incision from increased rainfall and
glacially driven incision. As the East African climate has undergone a steady aridification
during the time period addressed by this study, we do not consider increased rainfall to be
a viable argument for incision (White et al., 1994; Cerling et al., 1997; Cane and Molnar,
2001; Bobe and Behrensmeyer, 2004). Additionally, glaciation in East Africa was very
limited during the Cenozoic due to its location near the equator, which prevents this from
being a controlling factor on incision (Molnar and England, 1990).
Some studies (Pik et al., 2003, 2008) have argued for rapid uplift immediately
following the Oligocene flood basalt event, drawing conclusions from thermochronologybased studies and the assumed relationships between cooling, river incision, and uplift.
Pik et al.’s (2003 and 2008) aliquot thermochronologic dating varies from the results in
this study in that we have employed a single grain dating approach. The aliquot method
necessarily looks at more of an averaged thermal history that smooths and averages the
resultant time/temperature calculations. The single grain methodology from this study
allows one to compare results among grains, produce more exact thermal models, and
observe trends between eU, radius, and age that would otherwise be impossible with an
aliquot approach.
While some of our “good” models show Oligocene rapid cooling is a viable
option, the best fit thermal histories and, most importantly, the measured data obtained in
this study do not agree with this interpretation. The statistically best thermal histories
suggest significant cooling did not occur until after 8 Ma, and the relationships between
eU and age, as well as fission track length and age, in sample E-1-17 also point towards a
more recent cooling history. These data suggest that the study area experienced slow
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cooling following the Oligocene flood basalt event, with temperature changes not
exceeding 0.7°C/my from 31 - 8 Ma. After 8 Ma, our models and data show increased
cooling at a rate of 1.5-2.5°C/my in sample E-1-17 (Fig. 11). Considering the location of
this study’s samples along the Didessa River’s canyon wall, the obvious cooling
mechanism is the Didessa River that would have incised through the landscape. Such
incision would need to remove both the 1000-1300 m overburden, as well as form the
430 m deep canyon that exists today. This monumental amount of incision can only be
accomplished in response to tectonic uplift, as was also suggested by Pik et al. (2003);
therefore, we view our 8 Ma – present cooling of the study area as indicative of the
Didessa River’s response to associated uplift (Davis and Slack, 2002).

Figure 12: Tectonic evolution model of the Dabana area. Mesozoic exhumation was most
pronounced from 120-70 Ma, forcing the samples into the PRZ. Cenozoic flood basalts instigated
regional burial which caused sample E-1-17 to enter the apatite (U-Th)/He PRZ, but was not
enough to fully reset this sample. Uplift after the flood basalt event was gradual until after 8 Ma
when rapid uplift and incision prevailed. Source: created by the author.
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6. CONCLUSIONS
This research represents the first of its kind using an integrated (U-Th)/He and
AFT approach in analyzing the thermal history of the Ethiopian Plateau. Using both
measured and modeled data, we are able to constrain the cooling history of the study area
which relates and agrees with the region’s geology. From our thermal history
investigation, the Didessa River’s incision timing and associated tectonic uplift can be
likely determined.
Here we present data that point towards cooling and incision within the last 8 Ma.
While it appears that cooling did occur immediately following Oligocene re-heating, it is
minimal and at a rate half that of the cooling from 8 Ma-present. Fission track lengths,
age and eU relationships, and thermal modeling all suggest the Oligocene was
characterized by initial slow cooling, followed by rapid cooling to present day.
The thermal and associated geologic history of the Western Plateau is
summarized as follows:
1) Neoproterozoic metamorphism heated the basement rocks to excess of 500°C
during the Gondwana collision.
2) Tectonic uplift and rifting throughout East Africa signaled Gondwana breakup in
the Mesozoic. The Blue Nile Rift basin formed in Western Ethiopia including our
study area as a southwestern flank, allowing our samples to be uplifted and cooled
between 180-77 Ma.
3) Tectonic quiescence followed Mesozoic rifting until massive outpouring of flood
basalts in the Oligocene buried most of Ethiopia below several hundred to
thousands of meters of basalt. The study area, being a structural high, was likely
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not buried as much as the Blue Nile Basin, but still experienced enough burial to
partially reset E-1-17.
4) Cooling was slow at less than 1°C/my from 31-8 Ma following the flood basalt
event, indicating very little incision and uplift.
5) Cooling rate more than doubled from 8 Ma – present, most likely from a
quickened incision rate in response to tectonic uplift.
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